Introduction
The tremendous industrial importance of elemental sulfur and its surplus expected for the near future (and occasionally already experienced in the past) have stimulated considerable research activities with the result that 19 well characterized sulfur allotropes are presently known; most of these compounds have been investigated by X-ray diffraction on single crystals [2] . The majority of the sulfur allotropes consists of cyclic molecules Sn (n ^ 6) which have also been shown to be important constituents of liquid sulfur [3] and -some of them -of sulfur vapor [4] [5] [6] . The molecular structures of the cyclic species Sß [7, 8] , S7 [9] , Ss [10, 11] , Sn [12] , S12 [13, 14] , S13 [15] , a-Sis [13, 16] , 0-Si8 [17] and S20 [13] show that two principally different classes of rings exist:
A. Highly symmetrical species with equal (or almost equal) bond distances within the molecule (Sß, Ss, S12, a-Sis) B. Less symmetrical species with unequal and usually alternating long and short bonds within the molecule (S7, Sn, S13, ß-Si&, S2o)-In all cases the reason for the differing bond distances is the variation of the torsional angles leading to a varying degree of lone-pair-lone-pair repulsion between neighboring atoms. In fact, the torsional angles r in sulfur rings Sre vary between 0° and 140° resulting in a bond length variation of 19 pm or 9% [18] . In compounds of group A all torsional angles are found within a range of 10° in each molecule; the corresponding bond distance variation amounts to less than 2.8 pm. Species belonging to group B show bond length variations of between 5 and 19 pm and torsional angle differences of up to 108° within one molecule (e.g. S?)-Cyclodecasulfur Sio has first been prepared by Schmidt et al. [19] On this occasion it was observed that SÖ and Sio form a yellow crystalline addition compound of composition S6 • Sio and of melting point 92 °C. The infrared and Raman spectra of this compound indicated the presence of both molecules in the same conformations as in the pure compounds [21] . Before any structural work on Sio had been published, several authors had suggested on theoretical grounds [22, 23] that the molecular symmetry of Sio should be Dsd (two sets of five atoms in two parallel planes) in analogy to S8 (D4d) and Sß (Dsa). In this case Sio would belong to the above group A. The following structure determinations of Sio and of the Sß • Sio addition compound show that the Sio molecule has a different and unexpected molecular structure.
Structure Determination
Sio: A single crystal of Sio was obtained by reaction (2) . The space group and approximate lattice constants were determined from deJong-Bouman and precession photographs at ca. -110 °C. The results showed the monoclinic space group C2/c with an unusually small angle of 37° for the normal setting, but with an angle of 110° after transformation into 12/n. Refinement of 24 Bragg angles according to the method of least squares afforded the cell constants given in Table I . 4721 reflections up to 6 = 40° were measured at -110 °C on an automated Siemens four circle diffractometer and corrected in the usual way. A meaningful prediction of the structure was not achievable with direct methods and the interpretation of a Patterson syn- thesis did not appear promising. However, on the basis of Raman spectroscopic measurements and symmetry considerations the possible arrangements of the atoms were so limited that the phase problem could be solved by trial and error methods and the structure refined with anisotropic temperature Tables II, III and IV and shown in Fig. 1 and 2 .
The four Sio molecules in the unit cell occupy sites of C2 symmetry, but to a good approximation have the rare point group symmetry D2 (three orthogonal twofold axes of rotation as the only symmetry elements). Six atoms (S1-S3-S5-S1'-S3'-S5') are located in a plane (maximum deviation from the least squares plane 1.4 pm) while two sets of two atoms are found above or below the plane, respectively, by 123 pm. Table I . The intensities of 1445 reflections were measured using a Syntex P2i automated four circle diffractometer at -110 °C. The lattice constants, the systematic extinctions and the distribution of the normalized structure factors (E) led to the space group I2/a (an alternative setting of C2/n). From the experimental density of 2.14 g/cm 3 (20 °C) the unit cell content of four molecules Sß • Sio was obtained. The structure was solved by direct methods using the programs SHELX 76 and MULTAN, the atomic coordinates were calculated by the X-RAY 76 program system. The final R value for 1269 independent reflections amounted to 0.048. No absorption correction was carried out. The results are given in Tables III, V and VI and shown in Fig. 1 and 3 . The molecules Se and Sio in Sß • Sio exhibit exactly the same molecular conformations as in pure Sß (D3d) and pure Sio (D2). The site symmetry of the Sß component is, however, only Ci compared to Ü3d in pure Sß [7] . The lattice of Sß • Sio consists of alternating layers of Sß and Sio molecules, respectively. The twofold screw axes and the center of symmetry of the space group 12\a are found within the SB layers while the Sio layer contains the twofold rotation axes and further centers of symmetry. The glide planes are perpendicular to these layers. As in pure Sio both enantiomorphic molecules of Sio are present in equal amounts (generated by inversion).
The four shortest intermolecular distances (339.9-345.2 pm) are found between Sß and SIO molecules (Table VI) . The shortest contacts between SB molecules amount to 346.5 pm and between SIO molecules 353.0 pm. The calculated density of S6 • SIO (2.17 g/cm 3 at -110 °C) is halfway between the densities of pure Sß (2.26 g/cm 3 at -90 °C [8] ) and of pure SIO (2.10 g/cm 3 at -110°C). Fig. 4 shows the Raman spectra of solid SÖ, SIO and Sß • Sio at -90 °C using the red line of a krypton laser which does not initiate any photodecomposition of these light-sensitive compounds. The vibrational spectrum of SB has been thoroughly analyzed [25, 26] and the same holds for S7 [27] , S8 [28, 29] and S12 [29, 30] . From these results it is known that the Raman lines of sulfur rings can be used to detect these species in mixtures [3] . In fact, the spectrum of Sß • Sio shows the presence of Sß and Sio and since the relative intensities of the Sß and Sio lines, respectively, were always the same with different samples, the molecular composition must be constant and therefore SB • Sio is not a mixed crystal but a well defined stoichiometric compound. A closer inspection of the Se • Sio spectrum shows, however, that the Sß line at 203 cm -1 (originating from a doubly degenerate eg vibration) is split into a doublet (201/207 cm-1 ) as a result of the non-degenerate site symmetry Ci of the Sß molecule in Se • Sio compared with D3d in pure Sß. On the other hand, the rule of mutual exclusion of the normal modes as a consequence of the center of symmetry holds both for Sß and for Sß in Sß • Sio (see Table VII ). The Sio molecule is of C2 symmetry both in pure Sio and in Se • Sio but the molecular parameters show that approximately the symmetry D2 holds. In this case all 24 fundamental vibrations of Sio (7 a, 6bi, 5b2, 6b3) are allowed in the Raman spectrum and all excepting the 7 a vibrations are active in the infrared. The stretching vibrations of Se, Sio and Se • Sio occur in the region 390-500 cm -1 , the bending modes as well as the single torsional vibration of Se are found in the region 110-320 cm -1 , while at lower wavenumbers the lattice modes and the torsional modes of the Sio molecule are to be expected.
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Discussion
With the present structure determination, 14 sulfur allotropes consisting of cyclic molecules have now been characterized by complete X-ray structural analysis. The rings found in this way are shown in Fig. 5 together with the helical chain of stretched or high pressure induced polymeric sulfur [10] . As can be seen, Sis is the only ring existing in two different conformations: a-Sis ("endo-Sis") and ß-Si8 ("e^o-Sis")-Although the rotational barrier in sulfur rings is low (15-20 kJ/mol [18] ) conformational isomerization has never been observed and the structures of Se, Sio and Sß * Sio show once more that the two molecules Sß and Sio exist in identical conformations in different lattices as has been observed in the case of S8 [10] and S7 [9] . Table VIII shows that even the mean bond distances of Se and Sio are almost identical in the two sets of compounds. Since the mean bond distance of Sio is very close to that of Ss (204.8 pm [11] ) its mean bond energy should also be close to the S8 value (264 kJ/mol). Therefore, the enthalpy of formation of gaseous Sio from gaseous S8 must be quite small. In the case of S6 (dss = 206.8 pm [8] ) and S7 (dss = 206.8 pm [9] ) a difference of 2 pm in the mean bond distances d compared with the S8 value corresponds to a difference in the mean bond energies of 4 kJ/mol per bond [8] . The smaller difference of 0.9 pm in the case of Sio (dSs = 205.7 pm, see Table VIII) indicates an even smaller bond energy difference (estimated as 2 kJ/mol per bond).
The conformation of the Sio molecule is similar to the one of S12 in so far as the atoms are located in three parallel planes (rather than two as in Sß and Ss). In fact, Sio can formally be composed of two identical S5 units cut from the S12 molecule (left and right halves of the molecule in Fig. 1 ). The mean bond distance of S12 (205.2 pm [14] ) is only slightly smaller than the Sio value. The torsional angles of Sio are partly smaller (75°) and partly larger (124°) than the optimum value of 90-100° resulting in a distribution of the bond lengths between 203.3 and 207.8 pm. The molecule therefore belongs to the group B defined in the Introduction. The bond distances clearly alternate around the ring (symmetrically to the C2 axis through atoms S3 and S3 2 ) and the longest bonds are those whose dihedral angles deviate most from the optimum value. The observation [2, 31] that the length d2 of a particular bond in an Sw molecule is a function of the arithmetic mean 1/2 (di + d3) of the distances of the two neighboring bonds, di and d3, also holds for Sio.
The question why the Sio molecule does not exhibit the symmetrical structure of Dsa symmetry mentioned above can now be answered. For such symmetrical species the torsional angle is a function of the ring size and the bond angle a according to the following relationship [32] (n is the number of atoms per molecule):
1 -cos a -2 cos (2 n/n) cos r = 1 + cosa A bond angle of 107° would lead to a torsional angle of ± 117° which in turn would result in (ten equal) bond distances of about 207 pm [18] . This value is larger and therefore less favorable energetically than the experimental mean bond length discussed above.
Experimental
Preparation of Sio from (CsHs^TiSs and SO2CI2 (improved procedure): 67 g of titanocenepentasulfide [33] dissolved in 2.4 1 CS2 are cooled to 0 °C and a solution of 16 ml SO2CI2 in 80 ml CS2 is added dropwise within 20 min. The stirring is continued for another 30 min at 0 °C and after filtration the orange-red solution is evaporated in a vacuum to a volume of 1 1. Addition of 2 1 CH2C12 results in a precipitation which is removed by filtration. Cooling of the filtrate to -78 °C initiates crystallization of 15 g crude Sio within 1-2 days. The crystals are isolated by filtration, w r ashed with 50 ml %-pentane and recrystallized from 11 CS2 by addition of npentane till a little precipitation occurs and subsequent cooling to -78 °C for 1 day.
Yield: 12 g Sio. The purity was checked by Raman spectroscopy and no other rings Sn could be detected.
Preparation of Sio from S6: 6.25 ml H202 (80%; density 1.36 g/cm 3 ) are added to 152 ml CH2C12 (purified by filtration through a column filled with basic AI2O3), shaken to generate an emulsion and 40.9 ml (CF3C0)20 (density 1.51 g/cm 3 ) are added dropwise with vigorous stirring at 0 °C. After removal of the ice bath the stirring is continued till all H2O2 droplets have dissolved. Concentration of CF3C03H: 1 mol/1; immediate use of the solution is recommended. -10 g Sö dissolved in 1.9 1 CH2CI2 are cooled to 0 °C and 100 ml of the above CF3C03H solution are added dropwise within 20 min. The stirring is continued for further 1.5 h at 0 °C and the solution is then kept for 2 days at + 5 °C followed by 2 days at -50 °C. The precipitate of Sio crystals and powder-like polymeric sulfur is vigorously shaken and rapidly filtered through a D2 glass frit. 0.91 g of crude Sio is collected on the frit, washed with 200 ml cold CH2C12 (5 °C) and recrystallized from as little as possible CH2C12 (ca. 1.8 1) by dissolution at 25 °C and cooling at -50 °C. Yield: 0.68 g Sio.
Preparation of Sö • Sio: 25 ml CS2 and 1.00 g Sio are stirred magnetically at 20 °C for 15 min followed by decantation from the undissolved Sio. After addition of 4.50 g Sß to the solution, stirring for 15 min at 20 °C and decantation from undissolved Sß the solution is cooled to -20 °C resulting in the crystallization of intense orange hexagonal platelike crystals which are isolated after 12 h, washed with w-pentane and dried in a vacuum. Yield: 1.28 g S6 • Sio. Properties: Melting point 92 °C (dec.); density 2.14 g/cm 3 (by flotation at 20 °C); relative molecular mass in CS2 at 20 °C (osmometrically): 258 (indicating complete dissociation to Sß and Sio); the compound can be stored at 20 °C for several days, at -30 °C for several months without decomposition.
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